Co-B nanotubes were prepared via an electroless deposition method. The morphology, magnetic properties and the magnetization reversal mechanism of the nanotubes were investigated. Deposition was carried out in porous polycarbonate membranes leading to the formation of Co-B nanotubes with an average external diameter of 400 nm and lengths up to 6 µm. Electroless deposition resulted in the formation of alloys with composition Co 70 B 30 and a specific magnetization of 65.6 J T −1 kg −1 , which is about 40 % of that of pure Co (161 J T −1 kg −1 ). The transversal and vortex modes were identified as the mechanisms responsible for magnetization reversal in the nanotubes. A crossover between the two modes is observed at low angles and the results are in line with current models for switch-
I. INTRODUCTION
There is a growing research interest on the synthesis of nanotubes and the investigation of their magnetic properties following a similar trend observed for nanowires. 1 Many of the merits associated with nanotubes as active magnetic materials stem from the behaviour of the magnetic domains within the tube walls.
2 Theoretically, the advantages that the tubular geometry has over the wire geometry are due to the fact that it avoids singularity in micro-magnetic distribution. 3 The core-free magnetic configuration leads to uniform switching fields and guaranteed reproducibility. 4 In addition, while nanowires offer only two geometric parameters, the wall thickness of tubular nanostructures gives an extra degree of freedom. The understanding of magnetization reversal mechanisms is closely related to the coercivity of magnetic nanostructures. 5 Generally, the magnetization reversal mechanism depends on the ratio between the inner and the outer diameters of the nanotubes. Han et al. have reported for a series of nanotubes that the reversal mechanism can occur by the nucleation and movement of the domain walls or by coherent rotation of the magnetic moments. 4 Many of the reported synthesis techniques for nanowires and nanotubes rely on template-based synthesis using electrochemical or electroless deposition. [6] [7] [8] [9] Electroless deposition has acquired much interest as it is one of the simplest and cheapest methods of nanostructure preparation in terms of required equipment and processing steps. In addition, the search for novel tuneable physical, chemical and magnetic properties has motivated an extensive investigation of a diverse range of electrolessly-deposited alloys. [10] [11] [12] In this manuscript, we have prepared Co-B nanotubes by electroless deposition and investigated the magnetization reversal mechanism. Despite the fact that the morphology of the electrolessly deposited Co-B nanotubes is similar to that of Ni-B and Ni-Fe-B, which we have previously investigated, the magnetization reversal mechanism is quite different.
II. EXPERIMENTAL PROCEDURES
The templates used for the electroless deposition of the Co-B nanotubes were Whatman cyclopore track-etched polycarbonate membranes. The average pore lengths and pore diameters are 20 µm and 400 nm, respectively. Activation of the membranes was carried out prior to deposition via a two-step process. First, the membranes were immersed in a sensitization solution of 0.24 M HCl and 0.013 M SnCl 2 for 10 minutes at 40
• C. The membranes were then placed in a PdCl 2 (1.4 x 10 −3 M) solution at 65
• C for 10 minutes, before being dried in an oven at 85
• C for 15 minutes. The two-step activation process resulted in the deposition of catalytic Pd nuclei throughout the pores of the membrane, from which Co-B growth is initiated.
The Co-B nanotubes were synthesized via electroless deposition and samples were deposited for periods ranging from 10 to 20 minutes in solutions kept at 65
• C. The electrolyte comprised of 0.03 M CoSO 4 · 7H 2 O, 0.052 M diammonium citrate, 0.07 M dimethyl amine borane (DMAB) and 0.143 M lactic acid. A pH of 9 was maintained during the deposition by using small additions of concentrated NaOH.
Compositional analysis of the Co-B nanotubes was carried out using X-ray photon spectroscopy (XPS). The electrolessly grown nanotubes were imaged in the field free mode on a Hitachi SU-70 scanning electron microscope (SEM). Images were taken at accelerating voltages up to 30 kV and at working distances as short as 5 mm. Room temperature magnetic measurements of the Co-B nanotubes were measured on a Lakeshore vibrating sample magnetometer (VSM) up to a maximum magnetic field of 1.9 T.
III. RESULTS AND DISCUSSION
The as-deposited nanostructures, which are formed during the deposition process, consist of nanotubes connected together at both ends by thin films. The external diameter of the nanotubes is controlled by the diameter of the pores in the template, whereas the wall thickness is controlled by the deposition time. Fig. 1 shows SEM images of a typical deposition after the removal of the membrane with concentrated NaOH, which corresponds to a sample deposited for a period of 10 min. The length of the nanotubes ranges from 3 to 6 µm. The nanotube has an external diameter of 450 nm and an inner diameter 360 nm as seen in the inset image. XPS analysis was used to determine the composition of the nanotubes and shows an alloy composition of Co 70 B 30 .
The films deposited on the template surfaces were removed by polishing with fine sand paper and membranes were cut into 5 x 5 mm 2 for magnetization measurements. Therefore, all the magnetic measurements presented here represent only the magnetic properties of nanotubes. Measurements were carried out at room temperature with a maximum applied field of 1.9 T and magnetization curves are shown in Fig. 2 . The specific magnetization varies very little from sample to sample with an average value of 65.6 J T −1 kg −1 . We have also investigated the angular dependence of coercivity for the electrolessly deposited array of nanotubes as shown in Fig. 3 . The angular dependence of the coercivity on the angles is closely related to the magnetization switching mechanism in the nanotubes. The mechanism of magnetization reversal in nanotubes can be divided into three categories: coherent rotation, vortex mode and transverse mode. The nanotubes magnetization will tend to reverse via the most energetically favourable mechanism, which in turn determines lowest coercivity of the nanotubes at a given angle. The absolute coercivity values for each mechanism depend on a number of magnetic and structural parameters.
The coherent reversal mechanism is observed in very short nanotubes where the domain wall thickness is of the same order of magnitude as the nanotube length. In our investigation this mechanism can be ruled out as nanotube length is of the order of micronmeter. Therefore, the nanotubes presented here can reverse the magnetization via vortex or transverse mechanisms. We observed for Co-B nanotubes that a minimum coercivity perpendicular to the long nanotube axis is obtained as shown in fig. 3 . These results contrast to those obtained using a similar preparation method for Ni-B 11 and Ni-Fe-B 12 nanotubes, for which a minimum coercivity is measured parallel to the long nanotube axis. These results indicate that the magnetic reversal mode of Co-B nanotubes differs from those of Ni-B and Ni-Fe-B nanotubes. 11, 12 For vortex mode, also known as a curling reversal mechanism, the magnetic moments of the nanotube reverse via the propagation of a vortex wall along the nanotube axis. 13 The moments are aligned as if they are rotating around the centre of the nanotube axis. Curling mode predicts that the lowest coercivity will be obtained parallel to the long nanotube axis, while the largest coercivity will appear perpendicular to the long nanotube axis. 2 We observe that the coercivity does not vary monotonically with the angle as shown in Fig. 3 . As the angle of applied field with respect to the long nanotube axis decreases, the coercivity of the nanotubes initially increases. However, the maximum coercivity does not occur parallel or perpendicular to the nanotube axis. The maximum coercivity is measured at an angle of approximately 20 o for samples prepared for 20 min ( fig. 3) . This results in an M shaped graph. We can conclude that the maximum coercivity corresponds to the angle at which the magnetic reversal mechanism of the nanotubes switches from a transverse reversal mechanism at large angles to a vortex reversal mechanism at low angles. Stoner and Wohlfarth have shown that coercivity can be expressed in terms of the nucleation field as:
For isolated nanotubes, the angular dependence of the nucleation field is given by Albrecht et al.
Where
is the shape anisotropy constant, K a is the magneto-crystalline constant and M s is the saturation magnetization. The combination of coercivity in equation (1) with nucleation field in equation (2) leads to a dependence of coercivity on the angle, which monotonically decreases with increasing angle. If this was the only magnetization reversal mechanism present in the nanotubes, it would be expected that the coercivity should increase as the angle approaches zero and should become maximum at zero. The increase in coercivity with decreasing angle is seen in our data only at angles larger than 20
• . On the other hand, the
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Richardson, Kingston, and Rhen AIP Advances 6, 056113 (2016) coercivity due to the nucleation field for vortex mode is a function such as:
Where F(θ) is the solution of a system of equations combining demagnetizing field, exchange interaction length, nanotube external and internal diameters and the square of the magnetization. Coercivity monotonically increases with increasing angles and shows a minimal value at 0
• , which is implicit in equation (3). When the magnetic field is applied parallel to the nanotube axis and the magneto-crystalline anisotropy is negligible, then the equation 3 can be simplified and assumes the following form:
where α( β) is a function of β, which is the ratio given by the internal nanotube radius divided by the external nanotube radius, L e x is exchange length, R is the external nanotube diameter and M s is the saturation magnetization. The exchange interaction length is given by
A is the exchange stiffness, µ 0 is permeability of free space. Therefore the nucleation field can be re-written as:
As shown in equation (5), the coercivity associated with the vortex reversal mechanism is directly proportional to the ratio between the exchange stiffness and the magnetization. Taking as an example pure Co with exchange stiffness value of 3.0 x 10 −11 J m −114 and a magnetization of µ 0 M S = 1.6 T, one obtains a ratio A/(µ 0 M S ) of 1.87 × 10 −11 J m −1 T −1 , which is larger than that of pure nickel 1.5 × 10 −11 J m −1 T −1 . Therefore, for the same nanotube geometry, the vortex mode is less energetically favorable for Co than it is for Ni. The addition of B to the alloy reduces both exchange stiffness and saturation magnetization. By comparing Co-B nanotubes to Ni-B nanotubes, 11 we conclude that Co-B has the largest nucleation field for a vortex reversal mechanism, which is only observed at small angles. In addition, in the case of Co-B a crossover between the two switching mechanisms occurs and the overall dependence of coercivity on the angle is no longer a monotonic dependence.
IV. CONCLUSION
In conclusion, we have investigated the magnetization reversal switching mechanism of Co-B nanotubes prepared by electroless deposition. Experimental data indicates a change of mechanism, which is dependent on the angle between the applied magnetic field and the long nanotube axis. We interpret this dependence in terms of a crossover from a transverse reversal mechanism to a vortex reversal mechanism at a critical angle, which is about 20
• for samples prepared for 20 min. At larger angles the switching mechanism is the transverse mode, whereas at low angle the vortex mode dominates. 
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